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FOREWORD

The work reported herein was sponsored by Headquarters, Arnold
Engineering Development Center (AEDC), Air Force Systems Command
(AFSC), Arnold Air Force Station, Tennessee, under Program Element
6540223F/876A, Project G226.

The results of research presented were obtained by ARO, Inc.
(a subsidiary of Sverdrup & Parcel and Associates, Inc.), contract
operator of the AEDC, AFSC, under Contract F40600-69-C-0001. The
research was conducted from December 6, 1967, to February 23, 1968,
under ARO Project No. PC4635, and the manuscript was submitted for
publication on June 7, 1968,

Information in this report is embargoed under the Department of
State International Traffic in Arms Regulations. This report may be
released to foreign governments by departments or agencies of the
U. S. Government subject to approval of the Arnold Engineering
Development Center (AETS), or higher authority within the Depart-
ment of the Air Force. Private individuals or firms require a
Department of State export license.

This technical report has been reviewed and is approved.

Richard W. Bradley Roy R. Croy, Jr.
Lt Colonel, USAF Colonel, USAF
AF Representative, PWT Director of Test

Directorate of Test
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ABSTRACT

Tests were conducted in the AEDC Aerodynamic Wind Tunnel,
Transonic (4T), to determine the tunnel calibration, Mach number dis-
tributions, and boundary-layer thicknesses. During the tests, Mach
number was varied from 0.1 to 1.4, test section wall angle from -0.5 to
0.5 deg, and test section wall porosity from 0 to 10 percent. Data were
obtained at various stagnation pressure levels from 500 to 2500 psf.
Considerable development of the flow expansion region was required to
obtain uniform supersonic Mach number distributions. Good Mach num-
ber distributions are obtainable up to and including Mach number 1. 2.
The distributions from Mach number 1.25 to 1,4 are suitable only for
very limited testing. The results show that the tunnel calibration is a
function of test section wall porosity and wall angle. Boundary-layer
thicknesses on the contoured walls and parallel walls at the nozzle exit
are nearly equal.
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SECTION |
INTRODUCTION

The PWT Aerodynamic Wind Tunnel, Transonic 4T, was designed
to provide the United States Air Force with an economic testing capability
for conventional weapons development, Its test section size permits
testing of relatively large models while maintaining the flexibility and
ease of operation of much smaller wind tunnels. By virtue of its being
a continuous-flow tunnel, it is possible to obtain maximum utilization of
available run time. i

There are several features of 4T which make it suitable for many
varied types of testing. The first of these features is the flow-
conditioning system to reduce the airstream turbulence level. This
system consists of eight screens and a silencer section. The silencer
is made up of several panels of acoustical material encased in perforated
sheet metal. A second feature of Tunnel 4T is the captive trajectory
store separation support system. This system allows testing of external
stores in the vicinity of the parent aircraft as they are released from the
aircraft., The system is controlled by the PWT digital computer which may
use the equations of motion to predict succeeding points in the trajectory
from the forces measured at each point, or the forces may be obtained in
a preselected grid pattern from which the trajectory can be determined.
This system may be completely removed from the tunnel to permit con-
ventional testing with the standard model support system. The third
special feature of 4T is the variable porosity test section. It is generally
recognized that a fixed porosity test section does not reduce wall inter-
ference effectively at all transonic Mach numbers., Accordingly, 4T was
equipped with variable porosity walls to reduce wall effects, thus provid-
ing more reliable data.

Shakedown and calibration of Tunnel 4T was conducted from Decem-
ber 13, 1967, to January 11, 1968, and from February 9 to February 23,
1968. The results presented in this report include the influence of varia-
tion of wall configuration in the flow expansion region, centerline Mach
number distributions for the final wall configuration, nozzle exit boundary-
layer data, and centerline-plenum calibration relations.

SECTION Il
APPARATUS

2.1 BASIC TUNNEL

Tunnel 4T is a continuous-flow, closed-loop tunnel capable of opera-
tion at Mach numbers from 0.1 to approximately 1.4. The location of 4T
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with respect to the PWT complex is shown in Fig. 1, Appendix I, and
the general arrangement is given in Fig. 2, The operating envelopes
(stagnation pressure, dynamic pressure, and unit Reynolds numbers)
are presented in Fig. 3. Subsonic flow in 4T is generated through a
fixed sonic block nozzle. The sidewalls of the nozzle are parallel.
Supersonic flow is generated by expansion through approximately the
first 6 ft of the porous test section walls, Details of the wall geometry
are given in Fig. 4. The 4- by 4-ft test section has an overall length
of 12, 5 ft, including the 6-ft flow expansion region. Each test section
wall has variable porosity with a porosity range from 0 to approxi-
mately 10 percent. During the calibration, every third hole was plugged
and the wall travel reduced, resulting in a maximum porosity of 6 per-
cent, The test section sidewalls are fixed parallel, and the top and
bottom walls may be converged or diverged 0.5 deg. Downstream of
the test section is a 5-ft-long diffuser section with movable sidewalls
to alleviate blockage of the model support system. The diffuser wall
actuators may be disconnected and the walls moved to an extreme open
position, allowing access to the test section for minor model changes.
For major model changes, the south test section sidewall may be raised.
The model support system consists of a half-sector sting support with
an angle-of-attack range from 28 to -12 deg. The model pitch center
is 3.5 ft upstream of the end of the test section.

Tunnel 4T is driven by a portion of the existing 178, 000-hp PWT
Plenum Evacuation System (PES). A complete description of this sys-
tem is given in the Test Facilities Handbook. *

The tunnel instrumentation consists of the standard tunnel pressures
and temperatures plus 100 channels of pressure readouts, 25 channels of
temperature readouts, and 10 channels of force and moment readouts,
The standard tunnel pressures are measured using servo-driven mercury
manometers, and standard temperatures are measured using Chromel®-
Alumel® thermocouples. On-line data are obtained using the PWT data
acquisition system.

2.2 CALIBRATION EQUIPMENT

Static orifices located on a centerline pipe were used to determine
the Mach number distributions. The pipe was supported at its downstream

*Test Facilities Handbook (Seventh Edition). "Propulsion Wind Tunnel
Facility, Vol. 5." Arnold Engineering Development Center, July 1968.
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.end by the model support sector and at its upstream end by forward-

swept strut rods attached to the nozzle sidewalls. A tensile load of
approximately 10, 000 1b was applied to the pipe by tightening the for-
ward support rods. A sketch of the pipe installation including the orifice
spacing is given in Fig, 5, A photograph of the installation with the
south test section wall raised is shown in Fig, 6.

Boundary-layer data at the sonic nozzle exit were obtained using
two 21-tube boundary-layer rakes. Static orifices on the wall adjacent
to the rake were used to determine local velocity. A sketch of the
boundary-layer rakes is presented in Fig. 7,

SECTION 11l
PROCEDURE

3.1 TUNNEL OPERATION PROCEDURE

Operation of Tunnel 4T requires control of three basic variables:
stagnation pressure, tunnel pressure ratio, and plenum pressure ratio,
At present, the stagnation temperature is a function of the PES coolant
water temperature, and no control is available.

The test section Mach number is normally set by establishing a
given ratio of plenum pressure to stagnation pressure, utilizing the
calibration surfaces developed in Appendix II, Tailoring of subsonic
Mach number distributions is accomplished by varying the tunnel pres-
sure ratio, A, and auxiliary PES suction; no reentry flap suction is
used. For operating convenience, two analog pressure ratio computers
yield digital displays on the operating console of the plenum and tunnel
pressure ratios.

Tunnel humidity is controlled by air exchange utilizing the PWT
silica~gel drier.

3.2 TEST PROCEDURE

The primary variables during the Mach number calibration were wall
porosity, wall angle, tunnel pressure ratio, and plenum suction. The
approximate test section Mach number was set using a series of wall
static pressures manifolded to read an average value in the downstream
region of the test section. Generally a wall porosity was set, and the
Mach number was varied through the entire range at various wall angles.
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At subsonic Mach numbers, the tunnel pressure ratio and plenum suction
were adjusted to obtain a good distribution at the downstream end of the
test section. For supersonic Mach numbers, the tunnel pressure ratio
was maintained at approximately A = 1,4, Boundary-layer data were
obtained at tunnel station-12 on the north nozzle sidewall and the bottom
wall,

A tunnel stagnation pressure of 1 atm (approximately 2040 psfa) was
maintained throughout most of the calibration. Special runs were made
at various stagnation pressures to check the Reynolds number effect on
the data. The stagnation temperature varied from 50 to 80°F,

3.3 DATA REDUCTION PROCEDURE

Mach number calibration data were obtained on-line using the PWT
digital computer and data acquisition system. Local Mach numbers
were calculated from the static pressure measurements and were dis-
played on the cathode ray tube display plotted as a function of tunnel
station, Average test section Mach number was determined from the
average of the values downstream of station 72, The data reduction
program was written to reject bad values before taking the average. The
20 Mach number deviation downstream of station 72 was also calculated
after the bad points were rejected. The equivalent plenum Mach number
was calculated from the ratio of plenum pressure to tunnel stagnation
pressure. The average test section Mach number, the equivalent plenum
Mach number, the test section wall porosity, and the test section wall
angle were all used as functions in three-dimensional surface fits for
test section Mach number determination. The details of this surface fit
procedure and its use are included in Appendix II. The surface fits were
determined off-line. All on-line data were tabulated using the PWT line
printers.

The boundary-layer displacement and momentum thicknesses were
calculated on-line assuming a constant stagnation temperature through
the boundary layer.

3.4 ACCURACY OF THE RESULTS

Based on a confidence level of 95 percent, estimates of the errors
in the data resulting from instrumentation errors are as follows:
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AM 0. 002

AT 10. 02 percent
Al 10.03 deg

AX +0.001
A(p./py) +0. 001

These Mach number deviations do not include the deviation from the
mean in the test section. The accuracy of the surface fit is discussed
in Appendix II. During the early portion of the calibration, difficulties
were experienced with the wall angle and wall porosity readouts. As
a result, the above error estimates are not applicable to wall config-
urations A and B.

SECTION IV
RESULTS AND DISCUSSION

4.1 DEVELOPMENT OF FLOW EXPANSION REGION CONFIGURATION

The original test section wall design utilized a 3-ft tapered porosity
flow expansion region, denoted as configuration A in Fig. 8a. Super-
sonic Mach number distributions obtained with this wall configuration
are shown in Fig. 9a. For wall porosities above about 3 percent, an
overexpansion occurred near the end of the tapered porosity region
followed by a compression and subsequent reflection of the disturbances.
The flow quality with configuration A was considered unacceptable, and
attempts were made to eliminate the overexpansion by physically modify-
ing the flow expansion region.

Details of the significant configurations tried with the 10-percent
porosity walls are given in Fig. 8a, and the resulting Mach number
distributions are shown in Figs. 9b through e. A scaled sketch of each
configuration appears in the upper margin of Fig, 9. Little improve-
ment was obtained and, in general, the degree of overexpansion was a
function only of the number of holes plugged.

A major modification was then made by plugging one out of every
three holes throughout the test section, thereby reducing the maximum
wall porosity from 10 to 6 percent. The resulting hole pattern is shown
in Fig. 6. The Mach number distributions obtained with this 6-percent
wall and the basic 3-ft tapered region are shown in Fig, 9f. Comparison
with Fig. 9a shows some improvement, although the overexpansion still
existed.
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After several modifications of the flow expansion region, configura-
tion G (Fig. 8b) was developed with the results shown in Fig. 9g. The
overexpansion had finally been eliminated at M, = 1.1, In order to
obtain reasonable distributions at M, = 1. 2, the maximum porosity was
increased back to 10 percent upstream of station 30 with the results shown
in Fig. 9h. The final modification consisted of removing the first 3 in.
of the solid inserts to obtain configuration I with the results given in Fig. 9i.

4.2 CENTERLINE MACH NUMBER DISTRIBUTIONS

All the wall configurations yielded essentially identical subsonic
Mach number distributions. The distributions obtained with configuration
Iat = 6 percent are given in Fig. 10a. The tunnel pressure ratios
shown are not necessarily optimum, as evidenced by the slight gradients
downstream of station 120, It is noted that plenum suction was used for
all Mach numbers. '

Detailed supersonic calibration results with configuration I are given
in Figs. 10b through g for all wall porosities at which data were obtained.
The distributions obtained at M, = 1, 25 and above (Fig, 10g) are suitable
only for very limited testing applications.

A useful measure of the uniformity of a Mach number distribution is
the standard deviation statistic 20. The Mach number deviation in terms
of this parameter is given in Fig. 11 for configuration I.

All of the data presented have been for zero wall angle. The effect
of wall angle is quite similar to that of porosity, as shown in Fig, 12
for configuration G. Comparisons with Fig. 9h show that a wall angle
change from 6y = 0 to 0.25 deg is roughly equivalent to a porosity change
from 7= 3.0 to 4.0 percent at M, = 1.1,

Water vapor condensation was found to have a noticeable effect upon
the centerline Mach number distributions. Presented in Fig. 13 are
distributions obtained with configuration A at M, = 1.2 and 7 = 2. 0 percent
for several values of specific humidity. The visible condensation point
occurred at w = 0,0022 which corresponds with the apparent critical value.
With this exception, all data presented herein were obtained with no visible
condensation,

Stagnation pressure level was found to have little effect upon the
centerline Mach number distributions, as shown in Fig, 14,
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4.3 BOUNDARY LAYER

Boundary-layer data obtained in the two planes near the nozzle exit,
station - 12, are given in Fig. 15, For all practical purposes, the thick-
nesses on the contoured walls and parallel walls are equal.

SECTION V
CONCLUSIONS

The following conclusions were reached as a result of the Tunnel 4T
calibration:

1,

Overexpansions created by developing supersonic Mach
numbers with suction can be eliminated by proper design
of the wall geometry in the flow expansion region.

Operation of Tunnel 4T is feasible in the Mach number
range from 0.1 to 1. 4,

Good Mach number distributions were obtained up to and
including Mach number 1. 2.

Poor Mach number distributions limit the testing capability
above Mach number 1, 2.

Boundary-layer thicknesses on the contoured walls and
parallel walls at the nozzle exit are nearly equal.
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APPENDIXES
I. ILLUSTRATIONS
Il. PLENUM-STREAM MACH NUMBER CALIBRATION



11

T
ADIOSPHERE [T
DRIER
" 1 I
= =
Comnen STAND i e |
= L—_——J
NOZILE ﬁ
TEST FURL
TRANSOMIC CONTROL BUALDING
TROCEN
STORACE
SUPERSONIC CONTROL BUILDING éi
e —
o | g e
— ]
o, o
T nsrimj : k. nllsrl
: : PLENUN
SECTION - £V
| SYSTEN
: :
| e
LORHO
PILOT
FACILITY

Fig. 1 Propulsion Wind Tunnel

W S —

lyi-g9-31-24a3v



AEDC-TR.68+141

RETURN DUCT

PLENUM DUCT

12

WIDE ANGLE

|

DIFFUSER

N 2

Fig. 2 Tunnel 4T General Arrangement



AEDC"TR.68-141

» Pys psfa

STAGNATION PRESSURE

4000
MAXIMUM, TWO _|
INCREMENTS
<
3600 \\
N
3200 Y
\\ S~ b J S S
2800
MAXIMUM, ONE____X-
INCREMENT
2400
' 2000 /
1600 /'
MINIMUM, ONE ’
1200 INCREMENT |/ N
‘ 7
800 I

4 00—

L— MINIMUM, TWO INCREMENTS

0 { |
0.2 0.4 0.6 0.8 1.0 l.2 1.4

MACH NUMBER, M

a. Stagnation Pressure

Fig. 3 Tunnel 4T Operating Envelopes

13



AEDC-.TR-68-141

1600

1400

1200

1000

800

600

DYNAMIC PRESSURE, q, psf

400

200

MAXIMUM, TwO /
INCREMENTS X
AN
-
~
/'ﬁ MAXIMUM, ONE
INCREMENT
/

/

MINIMUM, ONE

INCREMENT

/

/

/

-

J
P
/
T MINIMUM, TWO INCREMENTS

0.6

0.8

1.0 b

MACH NUMBER, M

b. Dynamic Pressure
Fig. 3 Continved

14

.2

1.4



UNIT REYNOLDS NUMBER, Re/2 x 10°5, per 1

8.0

7.0

6.0

5.0

4.0 / —
/
/ /
3.0 //
/ 4
MINIMUM, ONE -
2.0 |ucR£MENT“;27
1O —
]
o __,,_-—-L""""—ZEMMUM, TWO INCREMENTS
0.2 0.4 0.6 0.8 1.0 .2

AEDC-TR-68:141

,
MAXIMUM, TWO
INCREMENTS N
#‘
g ]

MAXIMUM, ONE
INCREMENT !

MACH NUMBER, M

c. Unit Reynolds Number
Fig. 3 Concluded

15

1.4



AEDC-TR.68-141

—20.06° Tm = 10

AIRFLOW -

j

- 7 X
(. )
= )b
®
\
1.670
PLAN VIEW
60°
0.375 —|—0.500 DIAM AIRSTREAM SURFACE
s ,
! R A RN SATTTRRY

i //////////ﬂ“ll-V/'//)}m///////A

SECTION A-A

ALL DIMENSIONS IN INCHES

Fig. 4 Test Section Wall Geometry

16



LT

6 ORIFICES 20 ORIFICES 74 ORIFICES STA. s
(6 IN.  SPA
SPACING) (4 IN. SPACING ) (2 IN. SPACING )
/—soun AREAS
);l?--
2.875
e 1 — —=—=——————————————— <R}
1 7
e Al |
-110 -80 STA. 0 IT 36 54 72 150

ALL DIMENSIONS IN INCHES

Fig.5 Centerline Static Pipe Installation

Lyl-89-3y1-203V



81

Fig. 6 Photograph of Centerline Static Pipe

LpL-89-¥1-24d3V



AEDC.TR-68-141

050 0D ¥
g - 0.50
0.035 ID A

2l TUBES

R = ———
EQUALLY SPACED ===

3.00

VU

i

ﬁ
ﬂ

Va4

ALL DIMENSIONS IN INCHES

Fig. 7 Boundary-Layer Rake Details

19



AEDC-TR.68-141

[* 36 I ALL DIMENSIONS

IN INCHES
W —x
8(TYP.)
W 4

CONFIGURATION A

' 60

o CONFIGURATION B
72

Aﬁ/_]/_/////////////////////, gy i—

- CONFIGURATION C

72 “

e 26 18—
W////////l '////////1,Ei. i ‘

5
CONFIGURATION D

72
66 - I8

/r////,////////////////////71/in?— |

v ////////////W £ §@q—
rzzr—

CONFIGURATION E

a. 10-percent Maximum Wall Porosity
Fig. 8 Details of the Flow Expansion Region Configurations

20



AEDC-TR-68.-141

)

=8 ' ALL DIMENSIONS
‘| IN INCHES

8 (TYP.)
—i

CONFIGURATION F

46 14 P

36

— |4 —=

|
v ez
Ty

//4/4///%,27’17/////////11 ,,,,,,,,,,,
- CONFIGURATION G

54 8

36

— 14 —=

Lé%‘///ég/////l P L L LR —
/ 7/

7
4 2
/ /J = l_ 4
CONFIGURATION H

54 o 8

36

—— |7 —

777

R =

CONFIGURATION I

b. 6-percent Maximum Woll Porosity
Fig. 8 Concluded

21



AEDC.TR.68.141

T,,2 100
1.4
1.3 CDD?‘@ ﬁ’ T =10.0 —
1.2 o %L % N .
00 QD
il %" s | ©
I.1 é?'
1.0 659
S
1.3 %%
(@)) T =85.
cgﬁ‘i’ > S 5.0
1.2 = 0 & 1%
i Q? Uo o (& pi

LOCAL MACH NUMBER, M
(@
O
%
4]
(8]

y, -

[

T=20

1.1 o,

olg® _ )

0.9
0 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.
a. Configuration A
Fig. 9 Supersonic Mach Number Distributions for Different Wall Configurotions
ond Wall Poresity, 6,, = 0

22



LOCAL MACH NUMBER, M

7 ////’/////'//

AEDC-TR-68.141

Ty = 10.0
1.3 |
L? Q00 T:100
1.2 —qui;gﬂ} pg%lb_
1 oD
L
1.3
&P -850
1.2 B &QJEDO 0
é?quf © & o) %E&?w ®
1.1 for Qt?_df‘& =
- o)
ff
1.3
T:=20
1.2 : m% (0%21%20% )} =
1.1 Mﬁﬁmﬂﬁhm—mmﬁ%—
-+
10 kB
0.9

0 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

b. Configuration B
Fig. 9 Continued

23



AEDC-TR-68.141

T = 100

e

= 0 ﬁ th @ﬁﬂﬁgv
= L}
NEAEEE “
=
gI.Of
5 -9
P
s!3
g %n%}; T=30
g 1.2 oo
(027 <
1.1 g | o R
s 0 g
|.0£
0.9 -
0 20 40 60 80 00 120 140 160

TUNNEL STATION, X, in.

¢. Configuration C
Fig. 9 Continved

24



LOCAL MACH NUMBER, M

AEDC.TR-68-141

i:.’é%%%%/////f//lrr z

Ty = 100
1.3 : T
% Q?b ©2,) T:=70
e > S 5O
1.2 00 Uo rbd) PV Mc
)O {?ﬂ@\ 'Q5)5 @] <
{.1 (9%
O
%3
1.0

1.3
o éﬁmb R T=5.0

o P G 1o,
1.2 e oy o’% 0018%5_5?{5% -
1.1 il = '
(o%
1.0 0355)
ii
1.3

o 20 40 60 80 . 100 120 140 160
TUNNEL STATION, X, in.

d. Configuration D
Fig. 9 Continued

29



AEDC.TR.68.141

LOCAL MACH NUMBER, M

T = 10.0
1.3 5 -
QD% @5’ Qzla)o) QJG%%%L TR M
12— S s
&
1.1
&
o '
3

1.3 i +-

cm;%ngp@;b T=50

SPazs

2 cﬁ% R
.1 % FS@ q;‘!:pﬂﬂﬂl_;
o

J
I.3r
1.2 mmﬂ%%_

|
0.9 .
O 20 40 60 80 100 120 140 160
TUNNEL STATION, X, in.

e. Configuration E
Fig. 9 Continved

26



LOCAL MACH NUMBER,M

AEDC.TR.68.141

20

40

60 80 100 120 140
TUNNEL STATION, X, in.

f. Configuration F
Fig. 9 Continued

27



AEDC.TR-68-141

// (ISP IO 7se=—_

'I”III”’I”' ree

I rrrrz==——

Tm=60
1.3 50
0 D&
db‘ﬂb ‘ﬂ%@% T Me
1.2 A ~O1
Q%?‘JO min:-zL:n:ﬁme
1.1 ——@?—bn—ﬂ Fus
1.0 Eﬁf
“ 0
).3 T =40
CFO %
s 0 ogggﬁ;?”
. 1.2
- o |00 e
o R
=
S THAe——
=
- o
g -
s |.0
-
b3 S
8 1.3
o I 8
oD
GF;);; T=30
(@0))
5 s .| &
® o
o |oo
. 5
o
03
0.9
0 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

g. Configuration G
Fig. 9 Continved

28



LOCAL MACH NUMBER, M

AEDC.TR-68-14)

Tm =|o.o._,_.'rm= 6.0

1.3 l
T=6.0
1.2 0(-? o) L{f Mc
Lo o) o
L1 =0 i
& .
|.0J£
i
1.3
Cfp ) T=50
2 RoaGD
' ggﬁ%@@%ﬁw 5 Wﬁ
X —%EEWQEMFDD T
1.0
1.3
o Q)O)&O T=40
2 Y-
0 o
€
1.1 - =
1.0
0.9

O 20 40 60 80 100 120 140 160
TUNNEL STATION, X, in.

h. Configuration H
Fig. 9 Continved

29



AEDC.TR-68.141

777z
s
T =10.0~~Tm= 6.0
1.3 T
d?@ } o T=6.0
1.2 040 05008 Mc
ol <
1.1 "~?¢}
0590
1.0
S
1.3
T=40
1.2

A

o

LOCAL MACH NUMBER,M
o) :
L4 __(%
O
¢

™

et oy —
o

Yy —
0o 20 40 60 80 100 120 140 160
TUNNEL STATION, X, in.

i. Configuration |

Fig. 9 Concluded

30



LOCAL MACH NUMBER, M

AEDC-TR-68-141

T =60
-0 A= 1189 M
dm C
A= I.IGE : O
0.9 - —
A= L1134
0.8 COUIIIDCIIIIIIRS) CESiTyly D OCDIIDARD s
o]
A=1.112
0.7 COCDOITTIY
i OO
A=1.077
.6 QUODAIIIY -an ! .
0 oo
A =1.059 |
0.5 OO I IO [0)3]0] . _O_l
A=1.037 :
I A= 1.022
0.3 DHDDFDOOJ?@DQDO—OT
A=1.011l
0.2 D333>9)253)553 D)) 0 O
A =1.002
0.1 mmm Y T DO
0

o 20 40 60 80 100 120 1490 160
TUNNEL STATION, X, in.

a. My, = 0.10 through 0.95
Fig. 10 Mach Number Distributions for Wall Configuration 1, 8, = 0

31



AEDC-TR-68-141

LOCAL MACH NUMBER ,M

1.1 |
T=60
1.0 ?ﬁwﬁmmrmmmmmoﬂo_mq
o
.1
o)
1.0 655@5’ mmmﬂlﬂg‘mmmm
J -0
P
1.1
T=15
1.0 memmmmo—
“ "O'
1.1 ; :
| T=10
4
1.1
=0.5
1.0 T e iseler eriiint2 SR
e3ooNY
0.9
o 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

b. M., = 1.00
Fig. 10 Continved

32



AEDC-TR-68.141

T =3.0
@Dﬂmm%%nmwo Me

—
.
—

o

LAl
6@9%4

: T:20
Qtlﬁufbﬁﬁﬁ SID O SBERD P

LOCAL MACH NUMBER,M
o
g?

Loiﬁﬁﬁﬁmbmﬁ)

pﬁﬁ&kmﬁmnﬁxwgbmm$mp@ﬁ) o

20 40

60 80 100 120 140 160
TUNNEL STATION, X, in.

c. Mo = 1.05
Fig. 10 Continued

33



AEDC-TR-68-141

1.2

0 O T =40
.l o >6®9wm uﬂmmﬁaﬂ%ﬁ%ao Mc
O
o
mg T=30
11 RSTER O R30S
! “LF
Z 0 i |
£ | |
3| Glmgﬁq_n_e T : T=25
2 O . : ISD‘O%J%QD -
I
E I.Of ] ; .
-
= 3 T:20
g 1.1 ptmé’@%ﬁmmaao =
|
l.oJ/ NS S —
- T=1.5
1.1 WMMWMO——
Q ! -0
|.066§§9 ------ $= o
0.9 ' |

60 80 100 120 140 160

dn Moc — ]010

Fig. 10 Continued

34

TUNNEL STATION, X, in.



LOCAL MACH NUMBER, M

AEDC-TR-68-141

.3 i —
o) = : [
1.2 O2a(eY) T =|5.0 .

. —Oc,f"% %%WM%O%% c
o g f '
J. 4,_-9 L OQMMJ%%OQDSIJ@ZO
.1 ? | <>

. — o - |

P g
1.0 f 15,' i

{ 4T Q?%W%O&iﬂg@;‘)
1L —oP o
"°J£ QBB T:25
1.1 P o"%dy@bémﬁ Q]‘M%O& Wi o
|.0j55599 l T=20
N ) X 625111513053!0 o
AL
0.9

o 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

e. My = 1.15
Fig. 10 Continued

35



AEDC-TR-68-141

LOCAL MACH NUMBER,M

0.9

0 20 40 60 80 100 120
TUNNEL STATION, X, in.

f. Moo = 1.20
Fig. 10 Continued

36

140 160



LOCAL MACH NUMBER, M

1.2

1.3

1.2

1.0

0.9

AEDC-TR-68-141

l Me = 1.40
i T=60
0.
?@L&M o
o 2o ~
&
OQ:Déﬁ)CP%
J’O O Mo = 1.30
s 3 -
Cé% fo)) ) T =60
e Foll
0) o)) 5& <
RY S8
S éngc%%o;a Mot
O 00OODRS o ?D ©
S DRP00 |
PO
R Py
3 ot
3%9 i QZPQR(?&)Q? QDQ@) %%305# OQ559559®O '
5 ]
0
Y M
- S5 ORsD N
:n?o i cs%g ooo%Q> & ] O?&Sbo dsﬁ@ %0
oA
5290
]
0 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

g. M., = 1.25,1.30, and 1.40
Fig- 10 Concluded

37



8¢
MACH NUMBER DEVIATION, 20

0.05

1yl-89-¥1-2d3VY

0.04

0.03 2 A
l c} 0
0.02 'I
0.0t
0
0 0.2 0.4 0.6 0.8 i.0 .2 .4

MACH NUMBER, M,

Fig. 11 Mach Number Deviations for Wall Configuration |



6€

1.2

i,

¢
3
:
%

LOCAL MACH NUMBER, M

i
&
%

o 6y = 0.25
- o | blmm:sﬂ s

1.0

%

0.9

0 20 40 60 80 100 120 140 160
TUNNEL STATION, X, in.

Fig. 12 Effect of Wall Angle upon the Mach Number Distribution at M. = 1.10 for Configuration G, r = 3.0

L¥l-B9"y1-2Q3V



AEDC-TR-68-141

LOCAL MACH NUMBER, M

o

0.9

pt = 2500 psf
Ty= 75 °F

0 20 40 60 80

100

TUNNEL STATION, X, in.

Fig. 13 Effect of Water Condensation upon the Mach Number Distribution
at Mc = 1.20 for Configuration A, r = 2.0

40

120 140 160



LOCAL MACH NUMBER,M

AEDC-TR-68-141

1.4
T = 5.0
ew =0
.3 o)
0 0@, py= 689 psf
oY Q o]
1.2 0030 <O (;‘ éno szg Odpg Mc
Oo Qw_ﬁb ) O
1.1 O an
&69 65}5) QF CD&?JEO bt = 1482 psf
(@)) O
| o‘;’ & 12 ﬁéﬁjm
O
S 2l® | R | o
1.1 —0o af
D
6559 <FD§) OO OQI%b pt = 1947 psf
@)
LoD QS)QD - 0‘5’ o S
0]
( OOO & Qjﬁ)é) %21559 -O-
o . ) pt= 2513 psf
& Q)ﬁ © o | © 5P
1.0 oty O P odp% éj-'
O
¢ 3 g R M
8
1.1 5
1.0®
0.9 .
0 20 40 60 80 100 120 140 160

TUNNEL STATION, X, in.

Fig. 14 Effect of Stagnation Pressure Level upon the Mach Number
Distribution at M., = 1.20for ConfigurationA, » = 5.0

41



(474

BOUNDARY-LAYER THICKNESS, IN.

0.24

0.20

o
o

°
"o

0.08

O SIDEWALL
D BOTTOMWALL

DISPLACEMENT THICKNESS

]
MOMENTUM THICKNESS

0.2

o4 0.6 o8 1.0 1.2
MACH NUMBER , Mo

Fig- 15 Boundary-Layer Thicknesses at Tunnel Station-12

.4

1¥1-89-41-2343V



AEDC.TR.68-141

APPENDIX Il
PLENUM-STREAM MACH NUMBER CALIBRATION

It is generally accepted that the plenum pressure-to-free-stream
pressure relationship is invariant with respect to model blockage. This
assumption allows the setting and determination of the free-stream Mach
number from measurements of the stagnation and plenum pressures.

The Tunnel 4T plenum-stream Mach number relationship was deter-
mined to be a function of Mach number, wall porosity, and wall angle.
To facilitate on-line data reduction, analytic expressions of the calibra-
tion relationship were determined using a least-squares, multiple-
regression surface fitting program. Three surface fits were required to
adequately specify the relationship, one for each discrete wall angle of
0w = -0.25, 0, and 0. 25 deg. The data and analytic surfaces are given
in Fig. II-1. The surfaces are of the form:

5

Mo - Mc = E ajMg 7

i, =0

where the aj; are listed in Table II-I. The probable error in the surface
fits is 0. 00?3. However, errors as large as +0.01 exist for small wall
porosities., In actual use each surface is applied to a range of wall angle
which results in known errors as large as 0,01 for 6y = 0.5 deg.
Insufficient data were obtained at the extreme wall angles and porosities
to allow improvement of these accuracies.

Tunnel operating tables were prepared by evaluating the surfaces

over the full range of all variables, These tables are in the form of
plenum pressure ratio, p./p;, as a function of M, 7, and 8.
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NOTE:

COEFFICIENTS OF THE PLENUM-STREAM

TABLE 1I-1

MACH NUMBER SURFACE FITS

AEDC.TR-68-141

aiJ.

Ay = -0.25 P, =0 Ay = 0.25

8.8162-03 -1.4182-03 -3.2803-03
-1.4814-01 3.8602-02 6.48 39-02
-1.1500-02 1.1847-03 4,2549-03
-5.0331-02 3.0062-02 1.0161-01

2, 4648-01 1.9089-02 -5.5552-02

4,.7414-03 0 0

0 -1.2475-01 0

0 0 -8.4591-02
-1.0264-01 -1.7029-02 2,9193-02
-7.8087-04 -1.2922-04 -8.8654-04
-4,7303-02 0 -2,0694-01

6.8461-02 1.0869-01 1.6803-01
-1.3508-02 -2,4771-02 -2.0411-02

1.8639-02 6.1570-03 -2.6103-03"

4,3887-05 2. 3079-05 2.1618-04

2.9912-02 1.0163-02 5.1541-02
-1.9618-02 -1.6077-02 1.1582-03
-2.8543-03 - -8.9183-03 -2.0552-02

1.4330-03 3.2586-03 4,6276-03
-1.2142-03 -6.1716-04 -1.2886-04

0 -1.0930-06 -1.4096-05

8.8162-03 = 0.0088162
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